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Abstract: Wildfire, a primary natural disturbance in many forests, affects soil nutrient availability and
spatial distributions of forest plants. However, post-fire changes in soil nutrients and spatial patterns
of understory environments at fine scales are poorly understood. Here, we characterized spatial
patterns of soil nitrogen availability and site characteristics at a 3-year-post-fire and an unburned site
in a valley boreal larch forest. We also examined the relationship between soil nitrogen availability
and site characteristics. The results showed that the burned site had higher NO3− and lower NH4+
than the control. The herb, litter and coarse wood debris cover was greater at the burned site
than at the control site with higher soil pH, depth of the organic horizon (DOH) and shrub cover.
Relative variability (coefficient of variation) in soil nitrogen and site characteristic variables at the
control site was greater than at the burned site except for shrub and regeneration tree seedling cover.
Spatial structure (quantified by semi-variograms) was lacking for soil nitrogen and site characteristic
variables except for DOH, herb and shrub cover at the control site, but wildfire created a strong spatial
structure for all variables. Shorter spatial autocorrelation ranges of soil nitrogen (1.6–3.5 m) and site
characteristic variables (2.6–6.0 m) were detected at the burned site, indicating higher heterogeneity.
The spatial scale of soil NH4+ was congruent with those of herb, shrub and regeneration tree seedling
cover, indicating local coupling, while that of soil NO3− was not. The number of correlations between
soil nitrogen and site characteristic variables in the burned site was greater than in the control. These
results indicate that fire could not only create higher heterogeneity patches of soil resources, but also
strengthen the local coupling between soil resources and understory vegetation, which may impact
the establishment and growth of new individual plants.
Keywords: disturbance; nitrogen cycling; spatial heterogeneity; understory vegetation; boreal forest
1. Introduction
The heterogeneity of soil resources plays an important role in sustaining the structure and
functioning of forest ecosystems [1–3], as such heterogeneity can impact the survival of colonizing
individual vegetation species and thus the biodiversity of vegetation communities [4,5]. Plants
can also impact the spatial pattern of soil resources by altering physical, chemical and biological
soil properties [6–8]. However, recent studies have found that these interactions and the potential
heterogeneity across landscapes could be modified by disturbances [9–11]. Wildfire is one of the most
important natural ecological disturbance agents in forest ecosystems, is characterized by variations in
fire severity and frequency [12,13], and therefore produces spatial and temporal variations in ecological
systems. Fire frequency and severity have been predicted to increase under a warming climate [14];
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thus, understanding changes in patterns of post-fire soil resources and plants across space is necessary
to better understand the ecological effects of fires in fire-prone ecosystems.
Nitrogen (N) often limits primary production in boreal forests due to lower N availability caused
by slow decomposition rates [15], and its biogeochemical processes are the most vulnerable to fires
due to its low volatilization temperature [16,17]. Fires can immediately affect the distribution and
mass of N in ecosystems through pyrolysis, volatilization, and ash deposition [18,19]. Consequently,
fires decrease soil N pools, but increase N availability, and further influence N transformations [20–24].
These studies have well-documented fire impacts on soil N cycling at coarse scales. In contrast, only a
small number of studies about the fine-scale spatial variation in N availability following a wildfire
have been performed, but these studies yielded some inconsistent results, with increases [11,25],
decreases [26] and no changes [7] in spatial heterogeneity in different forest stands after fire. However,
data for boreal larch forests that are dominated by surface fires are scarce. Mature larch trees are
fire-resistant with shallow root systems and larch forests have a thick forest floor layer (>20 cm in the
valley bottom) due to the refractory nature of litter and the accumulation of moss and lichens [27].
In such environments, wildfires can produce high heterogeneity in soil resources due to differences in
fuel load, fuel moisture, and downed wood after fire at microsites. Some microsites with relatively
high soil resources can provide advantages to new recruits since plant roots can recognize spatial
heterogeneity in soil resources at fine scales (e.g., 2 m); thus, such differences in root uptake affinity
affect species distributions at fine scales [28,29]. Therefore, characterizing spatial variation in soil N
availability after fire could contribute to determining the nature of the plant–soil interaction and better
guiding forest managers to preform post-fire vegetation restoration work.
The heterogeneity of soil N availability after fire may be associated with variations in residual
soil characteristics (e.g., soil water, pH and depth of the organic horizon), variations in fire severity
(e.g., the rate of vegetation mortality, residual soil organic horizon after fire and ash deposition), and
variations in aboveground cover (e.g., understory vegetation, litter and coarse wood debris) [7,30],
as these factors control nitrogen cycling. Fire severity is an important factor affecting soil processes
and vegetation due to its direct effects on soil characteristics and indirect effects on plant species
composition and distribution [18,31,32]. Severe burning can completely kill mature trees and consume
understory vegetation and organic soil horizons [31], thus creating uniform understory environments.
In contrast, low to moderate burning may produce high heterogeneity in soil characteristics and
understory cover because parts of the organic soil horizon and some plants are preserved after the
fire [32,33]. Fire-caused variations in soil resources and vegetation are likely to impact the establishment
and survival of regeneration plants [11,34,35], and N availability levels may influence the spacing
of individual plants or the distribution of plant types across landscapes [36]. Despite increasing
recognition of the plant–soil interaction after fire across space, limited studies have been conducted
to identify the factors controlling spatial heterogeneity in soil N post fire, which is probably vital for
understanding the mechanisms of regulating ecosystem structure and functioning. Therefore, studying
variations in factors controlling available soil N contents at fine scales may contribute to elucidating
fire effects on N cycle processes at multiple spatial scales.
We expected that wildfire could influence the spatial heterogeneity of soil N variables, understory
vegetation cover and soil resources. We also hypothesized a tighter correlation between soil resources
and understory vegetation due to decreases in the depth of soil organic horizons in the post-fire early
succession stage. Previous studies indicated that the spatial patterns of post-fire plants in the Great
Xing’an Mountains may have been decoupled from the spatial patterns of soil resources at a plot level
during the post-fire initial succession stage [37]. The rapid recovery of understory vegetation was
controlled by fire severity, time-since-fire and topographic position [33,37,38]. In a flat valley bottom
area, during the field work, we observed some live trees, variable depths of ash layer and variations
in the residual organic soil horizon after fire, which may cause higher heterogeneity in soil resources.
As a result, some local positions with higher soil nutrients and more seed sources may have rapid
vegetation recovery at a fine spatial scale compared than other locations. To validate these hypotheses,
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we investigated the effects of wildfire on the spatial patterns of N availability and site characteristics
(e.g., soil environments, aboveground cover), and determined whether and how wildfire affected the
coupling relationship between site characteristics and soil N availability across space in a control and a
3-year-post-burn site in a Eurasian boreal larch forest. We addressed three questions: (1) how variable
are soil N availability and site characteristics (e.g., soil resource and aboveground cover variables) after
fire within a stand level; (2) what is the spatial structure of N availability and site characteristics after
fire at fine scales; and (3) does wildfire alter correlations between N availability and site characteristics
within a stand level?
2. Materials and Methods
2.1. Study Area
We performed this study in a Larix gmelinii forest stand in Huzhong National Natural Reserve
(51◦17′42′ ′ N, 122◦42′14′ ′ E to 51◦56′31′ ′ N, 123◦18′05′ ′ E) in the Great Xing’an Mountains of
northeastern China (Figure 1). The elevation of the study area is between 600 and 1500 m, with
gently sloping uplands. The valley bottom is frequently characterized by seasonally frozen ground
or discontinuous permafrost [39]. The region has a terrestrial monsoon climate with long and severe
winters, and warm and mild summers. The mean annual precipitation and temperature are ~500 mm
and −4.7 ◦C, respectively. The soil is classified as brown conifer forest soils based on Chinese soil
taxonomy [40]. The dominant vegetation is Dahurican larch (Larix gmelinii (Rupr.) Kuzen.), mixed
with birch (Betula platyphylla Suk.) and Scotch pine (Pinus sylvestris L. var. mongolica Litv.). Under
the pine tree species, the understory is sparse and generally dominated shrubs, including cowberry
(Vaccinium vitis-idaea L.), wild rosemary (Ledum palustre L.), bog biberry (Vaccinium uliginosum L.) and
Rhododendron dauricum L.
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Figure 1. Location of study area (A) representing the sampling area, wildfire severity and the location
of 3-year-post-fire site burning in 2010 (dark polygon) in the Huzhong Natural Reserve in the Great
Xing’a Mount ins of northeastern China (B). (C) epresents the sampling design diagram for this
study. The control site had 68 sampling poi ts (i.e., empty circles) a d burned site had 96 points,
including 68 empty a d solid circles. The minimum and maxi um distances be ween sampl ng points
were 0.5 and 28 m, respectively. Cnumber and Rnumbering represent the number of each column and row
in this sampling grid. 2.2. Field sa pling and laboratory.
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The historic fire regime was characterized by frequent, low-intensity surface fires mixed with
infrequent stand-replacing fires, with an average fire return interval of 30 to 120 years in this boreal
larch forest stands prior to the 1950s [39]. However, the historic fire regime has been greatly altered
due to fire suppression and forest harvesting. The current fire regime of this area is characterized by
infrequent and high-severity fires with a fire return interval of 300–500 years based on a landscape
simulation model [41]. However, recent studies have found that the Great Xing’an Mountains are
the most fire-prone area of China [42,43]. From 1967 to 2009, fire density greatly increased due to the
accumulation of fuels and increases in human activity and climate warming [43]. On 26 June 2010,
a wildfire burned approximately 670 ha within the Huzhong Natural Reserve. This large burned patch
has high heterogeneity in fire severity due to variations in fuel loading, topography, and plant types
(Figure 2), providing a rare opportunity to examine post-fire changes in the spatial heterogeneity of
soil nitrogen availability and aboveground cover in this forest.
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2.2. Field Sampling and Laboratory
We established two 30 m × 30 m plots in July 2013, with one at the burned site and the other
at a nearby unburned site. These two plots were located on the mesic flat valley bottom and had
similar pre-fire vegetation structure, topography and soil characteristics (Table A1; Figure 2). Thus,
the unburned site was used as a control. At each site, the plot was oriented north. In the control plot,
we established a grid (n = 68 sampling points, empty circle in Figure 1C) with a repeated sequence of
sampling points. This grid included 9 parallel rows for plant investigation and soil sampling. In this
grid, a minimum lag distance between sampling points was 1.0 m. The sampling scheme in the first
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six rows and the eighth row was similar to that of Turner et al. [7]. In these seven rows, each row
included three 18-m cycles in which 3 of every 7 grid points were sampled at intervals of 1, 2 and
3 m. The seventh and ninth rows included two random points. The 4th to 6th rows were offset 2 m
towards the east in the plot. In the burned plot, 28 additional points (solid circles in Figure 1C) were
arranged for finer-scale sampling. The layout of 28 points was similar to that of Turner et al. [7], except
the minimum lag distance between sampling points was 0.5 m rather than 2.0 m. The burned plot had
96 sampling points. This cyclic sampling protocol is efficient in the study of spatial patterns, as it can
create comparable power at variable lag distances and maximize sampling efficiency [44] and has been
used in some ecological studies [7,30].
At each sampling point, the soil sample was collected from 0–15 cm of the soil, and vegetation
was measured. We measured the percentage of biotic cover of the functional groups (herb, shrub and
regeneration tree seedling) and abiotic cover (litter and coarse woody debris) within a 30 m × 30 m
square frame within a 0.25-m2 circular frame at each sampling point. Regeneration tree seedlings
(RTS) referred to regeneration seedlings of birch, aspen and larch. Additionally, the depth of the
organic horizon was measured at each sampling point. In each 0.25-m2 circular frame, the cover of
each variable was summed to 100%.
We determined in situ N availability by inserting PRSTM probes (Plant Root SimulatorTM probes,
Western Ag Innovations, Saskatoon, SK, Canada). One pair of PRSTM probes comprises anion and
cation exchange membranes, which adsorb NO3− and NH4+. At each sampling point, one pair
(1 cation and 1 anion) of probes was inserted vertically 15cm into the soil (Figure 2) and incubated in
the field for four weeks (from 22 July to 19 August 2013). We packed the soil around the probes to
ensure full contact between the soil and resin membrane. After completing a four-week incubation, all
probes were removed from the soil, cleaned with deionized water, stored in Zipseal plastic bags, and
shipped on ice to Western Ag, Inc., Saskatoon, SK, Canada for analysis. Available N, including NO3−
and NH4+, was eluted with 1 M KCl. Values were expressed as µg N cm−2 per 10 cm−2. We used a 1:5
fresh soil to water ratio to measure soil pH.
2.3. Statistical Analysis
To examine the variations in soil N variables and local site characteristics (including pH, depth
of organic matter layer and aboveground cover) within stands (Question 1), means, standard errors
and coefficients of variation (CV, standard deviation/mean × 100) were calculated for soil N variables,
soil resource variables and aboveground cover in each plot (Table 1). The CV is a relative measure of
variability [45], and distributions with CV < 100% indicate low-variance, while those with CV > 100%
indicate considerably high variance [46].
Semi-variogram analysis [47] was used to examine the spatial heterogeneity for all variables
(Question 2). Three types of semi-variogram models were fitted to the data, with (1) the nugget model
indicating random spatial structure or lack of spatial auto-correlation at the scale studied, and (2) the
spherical and exponential models exhibiting asymptotic spatial structure in which semi-variance
levels off after a certain lag distance [48]. These models were compared using a likelihood ratio
test, and a p value < 0.05 was used to determine whether there was significant evidence for spatial
dependence. For those locations that had significant spatial structure, we calculated three standard
parameters (nugget, sill, and range) for each variogram. The nugget (C0) is the variance that is not
spatially dependent. The sill (C0 + C) indicates where samples are no longer correlated, and the range
represents the geographic scale of spatial dependence or the distance over which measurements are
autocorrelated. To estimate the magnitude of spatial dependence, we calculated structure variance
(C/(C0 + C)), the percentage of semi-variance related to spatial dependence. Structural variance greater
than one indicates a strong spatial structure. In contrast, structure variance close to zero indicates no
spatial structure in the range of scale studied.
To determine whether measures of soil N variables within stands were related to local site
characteristics at the individual core level (Question 3), we computed Pearson correlation coefficients
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between soil N variables and local site characteristics by sampling point in the unburned and burned
plots. All statistical analyses were performed with R 3.11 statistical software (R Development Core
Team, Boston, MA, USA). We checked normality and equality of data variance before performing
statistical analyses.
Table 1. Basic statistical summary data for soil N variables, soil resource variables and aboveground
cover variables across all soil cores.
Treatment Mean Median Min Max CV (%)
Soil N variables (µg N 10 cm−2)
NO3− Control 2.4 b 1.8 0.0 18.5 122
Burned 17.7 a 9.4 0.0 71.5 114
NH4+ Control 5.4 a 4.4 2.3 13.9 45
Burned 4.6 b 4.2 2.5 10.6 33
Soil resource variables
pH Control 4.7 b 4.7 4.2 5.1 4
Burned 5.1 a 5.1 4.0 6.1 7
DOH (cm) Control 30.5 a 28.0 12.0 55.0 33
Burned 26.0 b 27.0 12.0 40.0 30
Aboveground cover variables (%)
Herb Control 7.2 b 2.8 0.0 40.0 132
Burned 50.6 a 50.0 10.0 98.0 46
Shrub Control 60.8 a 55.0 2.0 100.0 43
Burned 3.5 b 0.0 0.0 48.0 224
RTS Control 0.5 a 0.0 0.0 25.0 598
Burned 0.3 a 0.0 0.0 5.0 248
Moss Control 83.4 a 100.0 0.0 100.0 43
Burned 77.9 a 100.0 0.0 100.0 40
Lichen Control 21.4 b 6.5 0.0 100.0 145
Burned 40.0 a 30.0 0.0 100.0 90
Litter Control 9.6 b 0.0 0.0 80.0 203
Burned 17.7 a 5.0 0.0 95.0 130
CWD Control 1.5 b 0.0 0.0 30. 359
Burned 12.9 a 0.0 0.0 100.0 170
Means in a column with the same letter are not significantly different at α = 0.05 (Fisher’s LSD test). CV indicates
coefficient of variation; DOH indicates depth of the organic horizon; RTS indicates regeneration tree seedling; CWD
indicates coarse woody debris. Different letters (i.e., a and b) indicate significant differences between treatments at
α = 0.05.
3. Results
3.1. Within-Plot Variability of Soil N Availability and Site Characteristics
The burned soil had significantly higher soil NO3− relative to the control (17.7 vs. 2.4 µg N
10 cm−2) (Table 1). In contrast, the mean soil NH4+ at the burned site was significantly lower than that
at the control site (4.6 vs. 5.4 µg N 10 cm−2). At the control and burned sites, CVs for soil NO3− were
above 100%, while CVs for soil NH4+ were below 50%. Within-plot variability (quantified by CV) was
lower for soil NO3− and NH4+ at the burned site (Table 1) than at the control site.
Relative to the control, the depth of the organic horizon (DOH) decreased from 30.5 to 26.0 cm
after fire (Table 1). In contrast, the soil pH increased from 4.7 to 5.1 after fire. The percent cover of herbs,
litter and coarse woody debris (CWD) was significantly higher at the burned site than at the control
site, where shrub cover was significantly lower (Table 1). There were no significant differences in the
regeneration tree seedling cover between the burned and control sites. CVs for soil environmental
variables (e.g., pH and DOH) were very low (<50%) at both the control and burned sites (Table 1). The
variability in most aboveground cover variables at the control site was greater than those at the burned
site except for shrub cover. At the control site, CVs for most aboveground cover variables were above
100%, while CVs for the shrub cover variable were below 50%.
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3.2. Spatial Structure Andheterogeneity of within-Plot Variability
The soil N variables did not exhibit a spatial structure at the control site (Table 2; Figure 3A,C).
In contrast, wildfire did have effects on the spatial structure of the soil NH4+ and NO3−. Structural
variances for NO3− and NH4+ at the burned site were 90% and 100%, respectively, and showed obvious
strong spatial structure at the burned site, suggesting that wildfire increased the spatial heterogeneity
of soil N availability (Table 2; Figure 3B,D). The ranges of spatial autocorrelation of soil NO3− and
NH4+ were 1.6 and 3.5 m, respectively.
At the control site, soil pH did not exhibit a spatial structure, while a moderate spatial structure
was detected in DOH (Table 2). The structural variances for soil pH and DOH at the burned site
were 91% and 82%, respectively, and exhibited strong spatial structures (Table 2). The range of spatial
autocorrelation of soil pH was 4.3 m. Relative to the control site, the spatial autocorrelation range of
DOH decreased from 6.5 to 4 m at the burned site (Table 2), suggesting that the degree of DOH spatial
heterogeneity greatly increased. Structural variances for herb and shrub cover at the control site were
90% and 82%, respectively, suggesting a strong spatial structure, while RTS, litter and CWD cover
variables did not exhibit strong spatial dependences. At the burned site, all understory cover variables
had obvious spatial structures (Table 2). The spatial autocorrelation ranges of RTS, litter and CWD
cover were 3.0, 3.8 and 6.0 m, respectively. After the fire, the spatial autocorrelation ranges of herb and
shrub cover variables decreased from 7.3 to 2.7 m and from 6.9 to 3.5 m, respectively, relative to the
control (Table 2), and showed higher heterogeneity after the fire.
Table 2. Summary of spatial dependence in soil available N variables, soil environmental variables and
aboveground cover variables.
Treatment Range (m) Sill Nugget C/(C + C0) (%) Model
Soil N variables (µg N 10 cm−2)
NH4+ Control - - - - Nugget
Burned 3.5 2.08 0.27 90 Spherical
NO3− Control - - - - Nugget
Burned 1.6 245 0 100 Exponential
Soil environmental variables
pH Control - - - - Nugget
Burned 4.3 0.11 0.01 91 Spherical
DOH (cm) Control 6.5 0.06 0.03 50 Spherical
Burned 4.0 53.3 9.5 82 Spherical
Aboveground cover variables (%)
Herb Control 7.3 67.8 6.4 90 Spherical
Burned 2.7 0.21 0.07 67 Spherical
Shrub Control 6.9 86.3 15.7 82 Exponential
Burned 3.5 52.1 8.4 84 Spherical
RTS Control - - - - Nugget
Burned 3.0 0.64 0.05 92 Spherical
Nugget
Litter Control - - - - Nugget
Burned 3.8 514 38 93 Spherical
CWD Control - - - - Nugget
Burned 6.0 28.8 3.44 89 Exponential
C0 indicates the nugget; C0 + C indicates the sill; C/(C0 + C) indicates structure variance showing the percentage of
semi-variance related to spatial dependence. DOH indicates depth of the organic horizon; RTS indicates regeneration
tree seedling; CWD indicates coarse woody debris.
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Table 3. Pearson correlation coefficients (r with p values) for soil N variables and local site 
characteristics in control and burned Plots that burned with stand-replacing fire during summer 
2010. 
Local Site NO3− NH4+ 
Characteristics Control Burned Control Burned 
Soil resource variables 
DOH (cm) 0.03 0.21 (0.002) −0.21 (0.01) −0.21 (0.002) 
pH 0.00 0.18 (0.01) 0.06 −0.14 (0.053) 
Aboveground cover variables (%) 
RTS 0.02 −0.13 −0.05 0.20 (0.004) 
Herb  −0.11 0.12 0.07 −0.16 (0.02) 
Shrub 0.02 −0.10 0.03 0.04 
     
     
Litter 0.00 −0.04 −0.20 (0.02) 0.08 
CWD −0.03 0.01 0.01 0.06 
Units of aboveground cover variables are %. RTS indicates regeneration tree seedlings; DOH 
indicates depth of the organic horizon; CWD indicates coarse woody debris. 
. Semi-variograms for the soil NH4+ (A,B) and NO3− (C,D) conte s in the control (n = 68
co es per plot) and burned (n = 96 co es per plot) sites. Unit: µg N 10 cm−2.
3.3. Relationships between Soil N Availability and Local Site Characteristics
Wildfire affected the correlations between soil N variables and site characteristics (Table 3). At the
control site, site characteristic variables were not correlated with soil NO3− (Table 3). Soil NH4+ was
significantly negatively correlated with DOH and litter cover. At the burned site, soil NO3− was
significantly positively correlated with residual DOH and soil pH, but was not correlated with other
site characteristic variables (Table 3). Soil NH4+ was significantly negatively correlated with residual
DOH and herb cover, positively correlated with RTS cover, and marginally negatively correlated
with soil pH. Additionally, the numbers of correlations between soil N variables and soil properties
increased after fire relative to the control (Table 3).
Table 3. Pearson correlation coefficients (r with p values) for soil N variables and local site characteristics
in control and burned Plots that burned with stand-replacing fire during summer 2010.
Local Site NO3− NH4+
Characteristics Control Burned Control Burned
Soil reso ce variables
DOH (cm) 0.03 0.21 (0.002) −0.21 (0.01) −0.21 (0.002)
pH 0.00 0.18 (0.01) 0.06 −0.14 (0.053)
Aboveground cover variables (%)
RTS 0.02 −0.13 −0.05 0.20 (0.004)
Herb −0.11 0.12 0.07 −0.16 (0.02)
Shrub 0.02 0.10 0.03 0.04
Litter 0.00 −0.04 −0.20 (0.02) 0.08
CWD −0.03 0.01 0.01 0.06
Units of aboveground cover variables are %. RTS indicates regeneration tree seedlings; DOH indicates depth of the
organic horizon; CWD indicates coarse woody debris.
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4. Discussion
4.1. Within-Plot Variability of Soil N and Site Characteristics
Soil NO3− increased nearly six times at the 3-year-post-burn site compared with the control site,
but soil NH4+ significantly decreased. This great increase in soil NO3− after a fire has been reported
elsewhere [18,49]. Together, these studies suggested that a higher soil nitrification rate after fire may be
related to the pulse of NH4+ immediately after fire, higher soil temperature, and greater pH [50], which
are generally invoked as mechanisms that induce nitrification following fire [20]. In our study area,
a previous study found that soil NH4+ significantly increased one year after fire [51]. The increased soil
NH4+ immediately after fire can be transformed to nitrate by autotrophic nitrification in the first few
years after fire and thus lead to great increase in nitrate. In contrast, regeneration plants, particularly
herbaceous plants likely decreased soil NH4+ by nutrient uptake and produced litter to immobilize
NH4+. Such processes may also be primarily responsible for the decrease in soil NH4+ pool three years
after fire.
In the burned site, herb cover increased relative to the control. This increase may be due to the
rapid colonization and establishment of fast-growing vascular plants. Among the colonized species,
fireweed (Chamaenerion angustifolium (L.) Scop.) as a pioneer species can dominate the valley bottom
in the post-fire initial succession stage and thus create a higher herb cover. In addition, litter and
CWD cover were higher in the burned site. Fire-caused death of trees can supply large bark, downed
woods, dead roots and charred litter (e.g., branches, twigs, tree trunks). Fresh litter from regeneration
vegetation may also contribute to the increases in litter cover after fire. However, we observed lower
shrub cover in the burned site relative to the control, a result consistent with those of Liu et al. [37] for
the same fire. This decrease may be caused by slower regeneration rate since wildfire can partly or
completely damage the bud bank [52]. In this study, we observed that RTS cover in the burned site
was slightly higher than in the control, but the difference was not significant. The low regeneration
density of trees in the control site may be related to older tree age, deeper soil organic horizon, and
less light [27]. In mature larch forests, a thick layer of mosses, lichens and leaf litter can decrease
the survival rate of larch or birch seedlings since these materials can hinder seedling roots from
reaching the stable soil water and nutrients provided by underlying mineral soils [27,32]. Additionally,
mature forests with canopy closure may allow little light to reach the understory environments. Such
environments may be unfavorable for the regeneration of birch and larch since these two species are
shade intolerant. In contrast, the low cover of RTS 3 years after fire may be due to a lack of seeds. In our
study area, we observed that wildfire removed an average of 4.5 cm of the organic horizon and thus
likely killed the seeds stored in this layer. The wildfire killed all birch and larch trees, hence resulting in
scarce on-site seed production. Our plot location was far (>300 m) from the nearby unburned area. As a
result, there may be limited numbers of birch or larch seeds brought to the site through seed dispersal.
Although wildfire did not exert significant effects on regeneration tree seedling cover, it greatly
reduced RTS relative variability. The decrease in variability may be related to seed availability and
characteristics of microsites. Combined with the low value of RTS cover, the decrease in variability
likely reflects the very low availability of birch or larch seeds in the burned area. Relative variability in
shrub cover after fire became greater than the control site, and its cover values changed from 0.0–48%
relative to the control of 2.0–100% (Table 1), indicating that shrub may have slower regeneration at the
3-year-post-fire site. The higher variability may be related to higher heterogeneity in soil burn severity.
Severe burning can decrease the organic horizon depth and bud bank in the soil [52], and thus produce
less shrub regeneration. This finding was consistent with those of other researchers who reported that
post-fire variability in shrub cover decreased with time after fire [7,11]. These studies suggested that
the post-fire pattern of shrub cover was similar to the early succession stage. In the initial stage, shrub
cover is very sparse and dominated by herbaceous vegetation [6]. As time after fire increases, the
spatial structure of shrub cover may be homogenized in the late succession stage because the recruited
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shrubs increased in size, flowered, and produced seed and thus filled in the unvegetated space [53,54].
This explanation may be responsible for the decrease in variability in shrub cover in our study.
We observed lower variability in herbaceous cover in the burned site than in the control, which
is consistent with other studies (e.g., Hart et al. [54] and Roberts [55]). Generally, wildfires decrease
forest floor thickness, release nutrients from organic matter and increase soil pH [56,57]. Additionally,
wildfires remove the forest canopy and thus, increase light transmission. In total, wildfires produce
fertile and light understory environments that can be quickly occupied by some shade-intolerant and
nutrient-demanding species [38,54], such as fireweed, celandines (Chelidonium majus L.), raspberry
(Rubus corchorifolius L. f.) and bushgrass (Calamagrostis epigejos (L.)Roth). These species can rapidly
grow in the soil with abundant resources and dominate the burned area. Additionally, the burned site
in our study had lower variability in available soil N in the burned site which may be beneficial for
vascular plants to grow and propagate. In this field work, we also observed much herbaceous
vegetation, such as fireweed, which occupied the recently burned space and homogenized the
aboveground environments at the valley bottom. At the control site with mature trees, herbaceous
species disappeared and were gradually replaced by shade-tolerant species as the canopy close and
nutrients decrease [54]. Thus, mature forests may have higher variability in herbaceous plants.
Lower variability in soil NH4+ was observed after the fire. This result is consistent with those
of Rodriguez et al. [25] for a pine forest, and Hirobe et al. [36] for a dry tropical forest. These studies
suggested that such low variability may be caused by ash deposition from organic matter evenly
distributed on the soil surface. As an alternative possibility, lower variability in soil resource variables
(e.g., soil pH and DOH) was detected in this study, which may contribute to low variability in soil
nitrogen mineralization. In contrast, variability in soil NO3− after the fire was greater. This result
is consistent with those of previous studies [7]. Greater CV in soil NO3− likely reflects the greater
sensitivity of nitrifiers to soil heating and the greater soil environmental constraints (e.g., soil pH and
temperature) on nitrification [50]. Previous studies have suggested that fire changed the soil microbial
community, substrate quantity and quality, and produced large amounts of charcoal [18,58], thus
affecting nitrate contents [24].
4.2. Changes in Spatial Heterogeneity in Soil N and Site Characteristics
Strong spatial heterogeneity was detected in soil pH and DOH at the burned site relative to the
control site. For some aboveground cover variables, although there was no spatial pattern at the
control site, there were evident spatial patterns for all aboveground cover variables after the fire. These
results suggested that wildfire could produce spatial heterogeneity for soil resource and aboveground
cover variables. A previous study also observed clear spatial heterogeneity in aboveground cover
and soil resources following fire in an Alaskan boreal forest [11]. We found that fire decreased the
scale of autocorrelation for all site characteristic variables, which may provide more heterogeneous
fine patches with variable soil resources and site conditions for colonization and establishment of
species in the post-fire early succession stage. Therefore, such high heterogeneity may create abundant
species diversity for this ecosystem during the early stage of post-fire succession, and further influence
the long-term succession trajectory of this forest ecosystem since species composition in the initial
succession stage would play an important role in controlling community composition in the middle
and late stages of succession [59].
Although a spatial pattern in soil N availability was absent at the control site at the scales we
sampled, there was an obvious spatial pattern after fire. Within-stand spatial patterns in soil NH4+
and NO3− were apparent at finer scales (<4 m). This result suggested that fire could increase soil N
spatial heterogeneity, which was consistent with the results of Lavoie and Mack [11] for an Alaskan
boreal forest and Rodriguez et al. [25] for a Spanish pine forest. These two studies attributed the
increases in heterogeneity to the highly heterogeneous microsites with variable ash layers, organic
horizons, and regeneration vegetation cover. In this study, the increases in heterogeneity of soil N
variables may be related to the distributions of ash, downed trees, charred stems and branches and
Forests 2019, 10, 95 11 of 16
regeneration vegetation at the microsites. Following fire, coarse wood debris and charred stems and
branches on the ground can intercept ashes with higher inorganic N in some microsites which may
provide advantages to new recruits. Regeneration plants, especially herbs clustering at the burned site,
can decrease soil N availability by uptake of nutrients. Charcoal in the burned site is heterogeneously
distributed on the ground, and soil can stimulate nitrification and reduce NH4+ erosion through
adsorption [60]. Alternatively, wildfire created high heterogeneity in moss and lichen cover, which
may affect heterogeneity in soil N availability by altering soil water and temperature conditions. Our
results were inconsistent with those of Das Gupt and Mackenzie [26], who showed a greater spatial
range (>23 m) of soil available N after fire. This difference may be related to the types of ecosystems
and fires and the post-fire time. These authors performed their study in a 1-year-post-burned site in a
boreal aspen forest with a severe stand-replacing fire. Additionally, a thinner residual soil organic layer
(i.e., average of 5.2 vs. 26.0 cm in this study) could explain the differences between the two studies.
The spatial coupling of soils and vegetation is closer because of plant uptake for soil nutrients
and vegetation returning litter to the soil [3,53,61], but this coupling may be changed by some
disturbances [25,62]. Wildfire as an important natural disturbance can fully or partially remove
the aboveground plants and forest floor; thus, the coupling of soils and vegetation could weaken
or disappear. In this study, we did not observe consistent patterns in the estimated autocorrelation
ranges of aboveground cover and soil NO3− after fire; this lack of consistency indicates that the spatial
patterns of these variables were not coupled at the examined scales between 1 and 28 m 3 years
after fire. This finding is consistent with those of other studies (e.g., Turner et al. [7]; Guo et al. [62]).
It is well known that plants and soil microbial communities prefer NH4+ to NO3− as a source of
nitrogen [63]; thus, the effects of understory vegetation on the spatial patterns of soil nitrate may be
minimal. However, the within-stand spatial pattern in soil NH4+ was coupled with the patch sizes
of aboveground cover (e.g., herbs, shrubs and seedlings) at the sampled scales, which verified that
there was likely a tight spatial coupling of soil resources and vegetation. The spatial patch size of N
as a limiting resource may determine the probability of finding a favorable site for growth of new
individual plants, and thus have important consequences for forest regeneration [4]. For example, on a
nutrient-rich patch following fire, seeds in the soil or live plants may be more prone to survive relative
to those on a nutrient-poor patch in forest restoration. Some research has also demonstrated spatial
heterogeneity in soil available N related to the spatial arrangement of aboveground organisms in a dry
dipterocarp forest [36]. Other research has observed variations in soil available N at fine scales related
to the spatial structure of soil microbes [64,65].
4.3. Relationship between Soil N and Site Characteristics
In this study, wildfire altered the relationship between site characteristics and N availability at the
individual sampling point level. The number of significant correlations between soil properties and N
variables increased relative to the control. For example, we observed stronger correlations between
soil N variables (e.g., NO3−, NH4+) and DOH in the burned area than at the control site. These high
correlations in the burned area were probably related to fire-induced changes in soil environments
(e.g., high soil temperature, low soil water content and larger charcoal), which could stimulate soil N
mineralization [20]. Alternatively, the correlations could also suggest that the residual organic horizon
had more influence on mineralization in the early post-fire succession and that the effects of the organic
horizon became weaker in the later undisturbed succession. For soil NH4+, the lack of changes in
relationships with DOH between the burned and control sites could indicate that the quantity and
quality of post-fire C substrate still limited N mineralization due to the inherent inhibition of larch
needles in the organic horizon in this boreal forest [27]. At the burned site, we observed a significant
relationship between soil NO3− and pH after fire, indicating local coupling. However, soil NO3− was
not correlated with RTS, shrub, litter and CWD cover, indicating de-coupling or processes that cancel
each other, but our data cannot distinguish between these alternatives.
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At the control site, soil NH4+ was not related to aboveground cover variables except for litter
cover at the individual sampling point level, indicating no local coupling. However, at the burned
site, we observed significant relationships between soil NH4+ and RTS and herb cover variables at
the sampling point level, indicating local coupling. The negative correlation between soil NH4+ and
herb cover indicated that the increased soil NH4+ after fire could stimulate growth of regeneration
vascular plants [38] as shade-intolerant and nutrient-demanding pioneer species. In the field work, we
observed that great amounts of herbaceous plants (e.g., willow) dominated the burned area, which
may reduce soil NH4+ through plant uptake and storing this N in plant tissues [66]. Relative to the
vascular plants, the number and size of RTS such as aspen or birch seedlings were small. In such
environments, vascular plants would be more competitive for soil resources than regeneration birch
and aspen trees, which could lead to some negative effects on their growth [38,67]. In this study, the
positive correlation between soil NH4+ and regeneration tree seedlings suggested that the reduced
NH4+ may affect growth of regeneration tree seedlings in the post-fire early succession stage in the
valley larch forest of Huzhong National Reserve. Consequently, in the burned area, soil N availability
may influence new individual establishment and growth and further affect the structure and dynamics
of plant populations and communities in these areas.
5. Conclusions
This study suggests higher fine-scale spatial heterogeneity in soil N availability and site
characteristics after fire relative to the control. Although spatial patterns for soil N and most site
characteristic variables at the control site were lacking, there were obvious spatial patterns in soil N
and all site characteristic variables after fire. The patch of soil ammonium was coupled with the spatial
scale of understory vegetation. Additionally, significant correlations at the individual sampling point
level indicated that soil resources (e.g., soil pH and DOH) influenced soil N and that available soil N
affected the growth of some regeneration understory vegetation in the post-fire early succession stage.
These results suggest that the post-fire initial patterns of soil resources and regeneration vegetation
may be responsible for fine-scale heterogeneity in available soil N. These findings also suggest that
the spatial distribution of limiting resources (i.e., NH4+) could determine the performance of new
individual tree recruits in the post-fire early succession stage [5,66], and therefore may have effects
on the spatial distribution of the plant community. Further long-term studies at multiple scales are
needed to elucidate the spatial dynamics of vegetation–soil relationships.
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Appendix A
Table A1. Basic characteristics of forest vegetation and forest fuel loads in the control area. Values in
the table are the range of each variable.
Control 3-Year-Post-Fire
Forest Floor
Organic horizon depth (cm) 12–55 12–40
Litter load (kg m−2) 3.3 × 104–5.4 × 104 -
CWD load (m3 ha−2) 5.92–43.53 -
Understory vegetation
Herbaceous height (cm) 10–40 5–100
Shrub height (cm) 3–30
Rhododendron dauricum L. 50–130 -
Vaccinium uliginosum L. 23–35 2–6
Ledum palustre L. 9–40 2–8
Vacciniumvitis-idaea L. 5–10 2–5
Pinuspumila 60–150 -
Larch trees
Height (m) 15–30 -
DBH (cm) 20–28 -
SM indicates soil moisture; DBH indicates diameter of breast height; CWD: coarse wood debris.
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